Introduction
The phase relation under high pressure has been investigated in some binary alloy systems. [1] [2] [3] [4] [5] [6] The measurement of electrical resistance is one of the useful methods for determining the phase relation. Tantalum is often used as a material of electrodes connecting the material of the sample and the lead electrodes during the measurement. 7) In this case it is important that tantalum is chemically inactive with the material in order to obtain a stable current during the measurement. The stability of tantalum against low melting metals has been systematically investigated on Zn, In and Sn. 7) Tantalum shows the inactive property over the melting temperature of them.
Recently a ternary phase diagram of the Al-Zn-Ga system at atmospheric pressure has been studied for applying the cathode protection by aluminum sacrificial anodes widely used for protecting steel structures in marine environments. 8, 9) The isothermal sections of the ternary phase diagram suggest the appearance of a new intermediate phase in the binary Zn-Ga system under high pressure. The new intermediate phase is expected to appear around 30 at%Ga content. 10) In order to confirm the interesting phenomenon, the measurement of the phase relation between zinc and gallium must be carried out above liquidus temperature ($400 C) in the region between 2 and 7 GPa. Tantalum is required to be applied for the electrode as an inactive material. The stability of tantalum against gallium becomes an important problem for the measurement of the electrical resistance under high pressure.
In the binary phase diagram of the Ta-Ga system, several intermediate phases are formed at 700 C or more high temperatures at atmospheric pressure.
11) The stability of the intermediate phases often depends on the pressure. 2, 6) Popova and Putro have been studied for the formation of the intermediate compounds under high pressure.
12) According to them Ga 3 Ta and Ga 3 Ta 5 phases were confirmed at 7.7 GPa and relatively low temperatures of 500 C and 750 C. We can take the similar conditions of pressure and temperature, then we can confirm the stability of the intermediate phases under high pressure.
In the present study, pressure effects of the phase relation between tantalum and gallium on the problems shown above were investigated within the conditions up to 7 GPa and 700 C.
Experimental
Two sets of A-type (Ga shot + Ta powder) and B-type (Ga shot + Ta plate) reaction mixtures were prepared from gallium shots (99.999%Ga) and tantalum plate (99.95%Ta) in the thickness of 0.1 mm as well as tantalum powder (99.9%Ta) with 325 mesh. The former is for acceleration of the chemical reaction between tantalum and gallium and the latter is for investigation of the reaction at the contact boundary between the two metals. The reaction mixtures of tantalum and gallium of $5 mg with mixing about half and half were inserted in a container made of boron nitride (BN) with the hexagonal structure. Then, it was set in a pressure medium made of pyrophyllite with the size of 8 mm Â 8 mm Â 8 mm.
A cubic type multi-anvil press was employed for applying pressure. The compressed sample was kept at a given temperature and quenched to room temperature within a few seconds. After releasing the pressure the crystal structure was determined by means of a micro-area X-ray diffraction system with a rotary Cr-target at 35 kV and 150 mA. An in filtered slit with 0.05 mm was used for the present purpose. Determination of pressure and temperature was the same as described elsewhere. 4) A section of the B-type sample showing the tantalum plate was analyzed by means of scanning electron microscope (SEM) and electron probe micro-analyzer (EPMA). The accelerating voltage was kept at 20 kV on the both apparatuses.
Results and Discussion

Lattice constant of tantalum in contact with gallium
kept above the melting temperature of gallium The lattice constant of Ta in contact with Zn, In and Sn has been given as a function of heating time.
7) The temperature was kept above 50 C of each melting temperature at a given pressure. In all of the cases the lattice constant of tantalum ((Ta)M, M: solute metal) tended to increase with increasing the heating time up to 50 min. In the present study, the A-type reaction mixture was kept for a long time up to 4 h at 7 GPa and 170 C (above 50 C of the melting temperature of gallium at the pressure). The diffraction peaks corresponding to 110, 200 and 211 planes of tantalum with the bcc structure were observed in the X-ray diffraction profile. Since the diffraction peaks of the 110 and 211 planes were usually prominent the lattice constant of (Ta)Ga was calculated from the d-values. The mean value was given as the lattice constant and it was corrected by comparing it with that of the well-known lattice constant of pure tantalum 13) set on the goniometer with the same condition of the compressed sample. Figure 1 shows the lattice constant of (Ta)Ga kept at 7 GPa and 170 C as a function of heating time. Previous results on (Ta)Zn, (Ta)In and (Ta)Sn are added in the figure for comparison. The change in the lattice constant of (Ta)Ga is quite small and it can be regarded as approximately constant. The increase of the lattice constant of Ta in contact with Zn, In and Sn has been considered to be caused by the solubility of them into tantalum. Present result suggests that the solubility of gallium in tantalum is negligible i.e., tantalum keeps the inactive state against gallium around the melting temperature.
Chemical reaction between tantalum and gallium at
high temperatures The heat treatment of the two types of reaction mixtures was carried out up to 700 C at 7 GPa. The heating time was usually kept for 4 h and it was held for 1 h at high temperatures of 600 C and 700 C. Figure 2 shows the Xray diffraction profiles of the A-type reaction mixture kept at 170 C, 300 C and 600 C. Diffraction peaks due to tantalum can be observed in all of the profiles. The lattice constant of (Ta)Ga was estimated from a series of the results. Figure 3 shows the lattice constant as a function of temperature. The lattice expansion begins around 400 C and it becomes notable with increasing the temperature. It was 0.28% after the heat treatment at 700
C. This value is comparable with the maximum value of (Ta)Sn and less than those of (Ta)In and (Ta)Zn shown in Fig. 1 . The lattice expansion is considered that the solubility of gallium into tantalum occurs during the heat treatment.
Several new diffraction peaks due to an intermediate phase can be observed in Fig. 2(c) . The additional new peaks were indexed with the intermediate Ga 3 Ta phase with the tetragonal structure. 12) In the diffraction profiles at 300 C ( Fig.  2(b) ), we can also detect a trace of diffraction peaks due to the intermediate phase at the positions shown with solid circles. In the case of the B-type reaction mixture, the reaction between tantalum and gallium was not detected below 600 C. The notable chemical reaction was confirmed after heating at 600 C and 700 C. The diffraction peaks due to gallium were not detected in the X-ray diffraction profiles. Distinct diffraction peaks were also not observed on the measurement of the single element of gallium at atmospheric conditions. It is considered that gallium keeps a liquid state during the measurement by X-ray diffraction.
SEM and EPMA analyses
In the present study we were able to detect the appearance of the intermediate Ga 3 Ta phase with the residual tantalum phase. Another intermediate phase was not detected in the Xray diffraction profiles within the conditions described above. However, if another intermediate phase arising under high pressure dissolves at atmospheric conditions, the diffraction profile would not show the existence of it. Then, the chemical analysis by means of EPMA was carried out for confirming the degree of reaction between the two metals under high pressure. Figure 4 shows SEM micrographs and EPMA images around the sections of tantalum plates obtained from the B-type reaction mixtures. The EPMA images show the qualitative concentrations of tantalum and gallium after heat treatments at 400 C and 700 C. In the EPMA images at 400 C there is no overlapping area between tantalum and gallium each other. This result suggests that there is no history of solution each other during the cycle of the change in the pressure and temperature. On the other hand, the EPMA images at 700 C show there are eroded areas of tantalum and an overlapping area between tantalum and gallium. This means the beginning of notable reaction between two metals. It is in agreement with the results of X-ray diffraction showing the appearance of the Ga 3 Ta phase.
In Figs. 4(a-3) and (b-3) , there are some areas where the concentration between gallium and tantalum dose not compensate each other. It is considered that the areas are composed of a mixing state of gallium and BN from the pressure medium and container.
The lattice expansion of tantalum (A-type) described in section 3.2 suggests the solid solubility of gallium into tantalum. However, we cannot observe the concentration of gallium in the EPMA image of tantalum plate in the B-type reaction mixture as shown in Figs. 4(a-2) and (b-2). It is considered that the solubility of gallium is quite small for the slow diffusion of gallium atoms into tantalum at the temperature. The EPMA images in Figs. 4(a-3) and (b-3) also show there is no diffusion of tantalum into gallium. They suggest also the negligible solubility of tantalum into gallium during the cycle of heating and compression. The low melting metals of Zn, In and Sn solute into tantalum after the heating above 50 C of the melting temperature of each element, but they do not solute tantalum. 7) In the present study, it was impossible to confirm the solubility of tantalum into gallium by investigating the X-ray diffraction profiles. Present result by EPMA, however, suggests that the chemical properties of gallium against tantalum are similar to the other low melting metals.
Intermediate phases
Several intermediate phases were known in the binary TaGa system. Most of them were formed around 1000 C and more high temperature at atmospheric pressure. The Ga 3 Ta 5 phase was formed relatively low temperature at 700 C for 60 h. 14) According to Popova and Putro the Ga 3 Ta 5 phase was obtained at 750 C and 7.7 GPa within 15 min and the Ga 3 Ta phase was detected at 500 C. 12) In the present study, the Ga 3 Ta phase was formed at the similar conditions of pressure and temperature. But the Ga 3 Ta 5 phase was not confirmed on the treatment at 700 C and 7 GPa. Although the Ga 3 Ta phase was given in the binary phase diagram, 11) it was difficult to form at atmospheric pressure. 14) Present result shows that the pressure effect is notable for the formation of the Ga 3 Ta phase. On the other hand, the stability of the Ga 3 Ta 5 phase does not become notable as the pressure effect. The Ga 3 Ta 5 phase seems to be stable with increasing temperature.
Application of tantalum as an inactive material
against Ga-alloys under high pressure The melting temperature of gallium is 30 C at atmospheric pressure and it rises to about 125 C at 7 GPa. 15) The experimental results mentioned above showed that the prominent reaction between tantalum and gallium at 7 GPa became notable at 600 C or more. Therefore, tantalum is virtually inactive over about 400 C higher than the melting temperature of gallium.
Tantalum has been used as the electrodes for the measurement of electrical resistance against low melting metals under high pressure. When we apply this method for determination of the phase relation of the gallium alloys, tantalum electrodes is required to be stable at sufficiently high temperature over the melting temperature of gallium because the liquidus temperature of the binary phase diagrams usually tends to rise at low gallium content. Present result suggests that the tantalum electrode can be applied for many kinds of gallium alloys over a wide range of the composition. For example, in the case of the Zn-Ga binary system, the stable range of composition is covered down to 30 at%Ga content for measurement of the liquidus temperature. 10) On the other hand, when tantalum is in contact with gallium above 500 C higher than the melting temperature of gallium for long time, a careful attention should be done for the chemical reaction between them.
